Summary. Uraemia was induced in pigs by ligation of the renal vascular pedicle, and uraemic plasma was analysed for glucagon and glucagon-related peptides. A preponderance of large molecular weight (Mr) components comprising giicentin and moieties of slightly lower Mr was found, accounting for 73 +3% (mean_+ SEM, n =12) of the total plasma glucagonlike immunoreactivity. Comparisons with glicentin 1-61, produced by controlled, stepwise, consecutive digestion of purified natural glicentin with carboxypeptidases (carboxypeptidaseA followed by carboxypeptidaseB, and again by carboxypeptidaseA and B), gel filtration, ion exchange chromatography, reverse phase HPLC and radioimmunoassays for the glucagon sequences 6-15 and 19-29 and for the glicentin sequence 12-30 all indicate that glicentin 1-61 constitutes approximately 57% of the large Mr glucagon-related peptides found in uraemia in pigs.
The kidneys have long been recognized as the major site of glucagon uptake and metabolism [1] [2] [3] [4] [5] [6] [7] . Different molecular forms of glucagons or glucagon-like immunoreactivity (GLI) are present in the circulation [7] [8] [9] . In hyperglucagonaemic catabolic states such as uraemia, a particular abundance of GLI of molecular weight (Mr) 8000-9000 is observed [3] [4] [5] [6] , probably a consequence of decreased renal removal of such compounds [2] .
The molecular nature of these components is unknown; we therefore decided to analyse the 8000 Dalton GLI, abundant in uraemic plasma, and to investigate its possible relationship to glicentin, a peptide which corresponds to that part of the glucagon precursor in which the glucagon sequence is found [10] .
Materials and methods
Pigs of the LLY-strain (weight 25-30 kg) were anaesthetized after an overnight fast, and the renal pedicles were ligated. Twenty-four hours later they were anaesthetized again, and peripheral venous blood was collected into chilled tubes containing NA + +-EDTA and Trasylol ® (500 KIU/ml), centrifuged at 4°C within 15 min; plasma was kept at -20 °C until analysed.
Small aliquots of plasma (2.5 ml each) were directly subjected to gel filtration and radioimmunoassays (see below). For concentration of peptides in samples of 20 ml plasma each, a previously described batchwise immunoadsorption technique was employed [111 with Sepharose-coupled antiserum 5618-9 [9] directed against the 6-15 sequence of the glucagon molecule, thus reacting with any known GLI component. The GLI concentrated on the immunoadsorbent was dissociated with t.1 mol/l HCOOH and lyophilized for further analysis.
Gel filtrations were performed on 16xl000mm columns (K16/100, Pharmacia Fine Chemicals, Uppsala, Sweden), packed with Sephadex G 50 fine grade (Pharmacia), equilibrated and eluted at 4°C with 0.125mol/1 NH4HCO3, supplemented with NaC1 (0.1 mol/1), human serum albumin (Behringwerke, Marburg, FRG, 1 g/l), merthiolate (0.6 mmol/1), and adjusted to pH 9.0 with aqueous ammonia. Sample size never exceeded 2% of bed volume; fractions corresponding to 0.02 bed volumes were automatically collected. Elution positions are described by the coefficient of distribution Ke = (Ve-V0)/Vi, where Ve is the elution volume of the substance in question, ¥0 the exclusion volume, and Vi the available inner volume, determined as the difference between the elution volumes of 125I-labeled human albumin and 22NaC1 (The Radiochemical Centre, Amersham, UK), both added to all samples for internal calibration.
Plasma samples of 80-200ml were subjected to ion-exchange chromatography on a 9 x 300 mm column packed with DEAE-Sepharose-CL-6B (Pharmacia). The column was equilibrated and eluted at 4°C with 0.05 mol/1 Tris-HC1, pH 9.0, and eluted with a NaC1 gradient reaching 0.5 mol/1 in the same buffer.
Sep-Pak C-18 cartridges (Waters, Milford, Mass., USA) were employed for sample concentration and desalting. Samples were concentrated and eluted in one step with 5 ml of 0.1% trifluoroacetic acid (TFA) of sequanal grade (Pierce Chemical Co, Rockford, Ill., USA) in 61% ethanol.
Reverse phase gradient HPLC runs were performed on 8 x 250 mm columns of Nucleosil ® C-18 (particle size 10 gm) employing LKB equipment (2150 HPLC pump, 2152 HPLC controller, 2040-203 low-pressure mixer valve; LKB, Bromma, Sweden). Elution phases were (a): 0.1% TFA in distilled, deionised water; and (b): 0.05% TFA in 60% ethanol (Merck, Darmstadt, FRG, art. N. 11727). Water for HPLC was filtered through a Millex-GS 0.22 lxm pore size Carboxypeptidase A (CPA) and carboxypeptidase B (CPB) (both from Merck, art. N. 2294 and 2300) were employed for the enzymatic degradation of purified glicentin (The Novo Research Institute, Bagsv~erd, Denmark). The carboxypeptidases were dissolved in 50 mmol/l Na-phosphate buffer, pH 8.0, to a final concentration of 200 U/ml for CPA and 500 U/ml for CPB. Purified glicentin (1.5 gg) was dissolved in 1 ml of the same buffer, 10 lxl of the CPA solution was added, and the mixture was incubated at room temperature for 30min. Ethanol was then added to a final concentration of 61% to stop the enzymatic digestion; after thorough mixing, human serum albumin was added to a concentration of 0.1%. After mixing and centrifugation at 200 x g for 20 rain at 4°C, the supernatant was collected, blown dry with N2, and then redissolved in 1 ml of the above mentioned phosphate buffer and degraded by CPB following the same scheme. One subsequent degradation, first with CPA and then with CPB, was carried out as above. After each single step, i.e. after each reconstitution of the dried supematant in the 50 mmol/l phosphate buffer, a 10 ~xl sample was taken off for the determination of the 6-15 and the 19-29 glucagon immunoreactivity (see below). The final digest was then studied by gel filtration and reverse phase HPLC.
Radioimmunoassays
The following assay systems were employed: a) assays for the glucagon sequence 6-15 with antiserum 4304, glucagon standards and 125-Iglucagon, as previously described [12, 13] ; b) assays for the glucagon sequence 19-29 with antiserum 4305, glucagon standards and 125I-glucagon [12, 13] ; c) assays for the glicentin sequence 12-30 with antiserum R 64 [14] , glicentin standards and 125I-glicentin [15] . Plasma-coated charcoal was employed for separations [16] .
Antiserum 4304 binds labeled and unlabeled glucagon and glicentin with identical affinity [13, 17] , whereas antiserum 4305 binds the glucagon fragment 1%29 but no other tryptic fragment; e.g. it does not bind turkey glucagon (which is modified at position 28). It also does not bind intact glicentin or other C-terminally extended forms of glucagon, since it requires the glucagon C-terminus to be unextended for binding [13] . Antiserum R64, directed against the glicentin region 12-30, detects glicentin as well as the glicentin-related pancreatic peptide (GRPP) of pigs [14, 15] . Purified glicentin and glucagon standards, as well as monoiodinated glicentin and glucagon tracers, were kindly donated by Drs. A.J. Moody and U. D. Larsen (The Novo Research Institute, Bagsv~erd, Denmark).
Statistical analysis
Results are given as mean + SEM, when applicable.
Results
The gel filtration profile of untreated uraemic plasma (2.5 ml samples) is shown in Figure1, as well as the gel filtration profile of plasma samples of 20 ml each which were previously concentrated by batchwise immunoadsorption. A preponderance of large Mr components comprising a glicentin-like peptide and moieties of slightly lower Mr, but reacting also with the C-terminally directed antiserum for glucagon, is apparent in both cases. 73 _+ 3% of the total plasma GLI was composed of these large Mr GLI (mean _+ SEM, n= 12). Recovery of the large Mr GLI after immunoadsorption and gel filtration was 69 + 6% (mean + SEM, n = 6). Two peaks reacting with the antisera for the N-terminally extended GLI are apparent (Fig. 2 a) . The first peak shows immunoreactivity for the glicentin sequence 12-30 and for the glucagon sequence 6-15, and elutes at a ionic strength different from that required for the elution of glicentin (indicated by an arrow); it might therefore be composed of fragments of glicentin, such as glicentin 12-69, 1-62 or 1-63, all of which would escape detection with antiserum4305 and could be formed by trypsin-like digestion of glicentin.
The second peak is heterogeneous. The peptide appearing first, reacting only with antisera R 64 and 4304, and eluting at the same ionic strength of purified glicentin, is probably composed of glicentin itself. A peptide with R 64 and 4304 immunoreactivity as well as immunoreactivity for the glucagon sequence 19-29 (glicentin sequence 51-61, antiserum 4305) eluted somewhat later. This peptide must be composed of a glicentin fragment bearing an exposed C-terminal immunodeterminant of glucagon. Recovery of purified glicentin on this column system was 53 + 4% (mean + SE).
Fractions from three ion-exchange chromatography experiments, corresponding to the ones indicated as a box in Figure 2 a, were lyophilized, redissolved in the above mentioned ammonium bicarbonate buffer at pH 9.0 and subjected to gel filtration ( Fig. 2 b) ; a preponderance of N-terminally extended GLI was still apparent.
Peak fractions from these gel filtrations, corresponding to the box in Figure 2 b, were lyophilized, redissolved in 0.1% TFA in water, passed through and eluted from Sep-PakC-18 cartridges with 5ml 0.1% TFA in 61% ethanol and lyophilized again for subsequent HPLC analysis.
Purified glicentin was subjected to enzymatic degradation by controlled, consecutive digestions with carboxypeptidase A and carboxypeptidase B. Small amounts of peptide solution removed from each step of the enzymatic degradation of the purified glicentin were serially diluted and assayed for GLI with antisera 4304 and 4305. Antiserum 4304 showed 5732, 4190, 4961, and 4581 pmol/1 after each of the four digestions, respectively, while immunoreactivity could be detected with antiserum 4305 only after the last addition of CPB, the concentration being 3153 pmol/1. The sample obtained after the whole consecutive treatment of purified glicentin with carboxypeptidases A and B was subjected to gel filtration ( Fig.2 c) ; the resulting Kd 0.30 GLI, which now showed strong 4305 immunoreactivity, was lyophilized and subjected to reverse phase HPLC and radioimmunoassay (Fig. 3, middle panel) .
Three reverse phase HPLC gradient elutions are shown in Figure 3 ; in the upper panel, purified glicentin; in the middle panel, the products of enzyme-digested glicentin purified by gel filtration (Fig.2 c) ; in the lower panel, the glicentin-like peptides from the uraemic plasma corresponding to the box in Figure 2 b.
The digestion product of glicentin and the peak from the uraemic plasma were both partially composed of glicentin itself (the R 64 immunoreactive peaks (fractions 30-35) of the middle and lower panel)). The other major peak, with glicentinl2-30 and glucagon6-15 immunoreactivity (fractions 40-45), also showed clear 4305 immunoreactivity, indicating the presence of an exposed glucagon C-terminal sequence. This peptide accounted for 57% of the Kd 0.30 GLI, when analysed for glucagon 6-15 immunoreactivity (antiserum 4304, Fig.3 ). 
Discussion
Several molecular forms of glucagon are normally found in the circulation. In uraemia an abnormally large fraction of the total glucagon-like immunoreactivity in plasma has been reported to have a molecular size corresponding to 8000-9000 dalton [1, [4] [5] [6] [7] . We also found large amounts of a glucagon-related peptide in the 8000-9000 Mr range in the circulation in uraemic pigs. This was found by simple gel filtration of plasma, and also after specific concentration of plasma GLI by affinity chromatography, which allows a more reliable and precise analysis of the molecular forms.
The glucagon-related peptide of 8000-9000Mr bears the immunodeterminants for the glicentin sequence12-30 (antiserum R64), for the glicentin sequence38-47 (corresponding to the glucagon sequence6-15, antiserum4304) and for the glicentin sequence51-61 (corresponding to the glucagon sequence 19-29, antiserum4305); the latter suggests the presence of the C-terminal sequence of the glucagon molecule in its unextended form.
The elution position of this component, representing approximately 56% of the large Mr circulating GLI, is K~ 0.30+ 0.01 upon gel filtration, a position slightly, but significantly, different from that of glicentin (Kd 0.25 on the same column system, M r 8128 [10, 12, 131) .
In view of the structure of proglucagon [18] , the above data would suggest that this peptide is a fragment of glicentin corresponding to its 1-61 sequence (Fig. 4) . In addition, uraemic plasma contained large Mr peptides with immunodeterminants corresponding to the glucagon sequence 6-15 (but no C-terminal immunoreactivity).
By ion-exchange purification these plasma components were resolved into two major peaks; the first one, eluting at a ionic strength different from that required for glicentin, may represent a fragment of glicentin itself. The arginine residue at position 11 in the glicentin molecule is a possible cleavage site; therefore, the peptide could correspond to the glicentin sequence 12-69; a peptide with similar chromatographic and immunochemical properties is also found in tissue extracts [17, 19] . On the other hand, the peptide may represent a fragment of glicentin corresponding to either the 1-62 or the 1-63 sequence.
The other major peak consists of at least two peptides: one corresponding to glicentin 1-69 (left part of the peak), and one with the exposed C-terminal glucagon immunoreactant (fractions66-68, Fig.2, upper  panel) . This peptide has all the characteristics to be expected of glicentin 1-61 (Fig. 2, middle panel) .
Synthetic glicentin 1-61 was not available for comparative studies. We therefore decided to produce glicentin 1-61 by controlled, stepwise, consecutive degradation of purified natural glicentin with carboxypeptidase A and B. Each single digestion was terminated by the addition of ethanol in a concentration that efficiently blocks enzymatic activities [17] . Carboxypeptidase A and carboxypeptidase B remove amino acids from the C-terminus of polypeptides; CPA rapidly removes amino acids with aromatic or large aliphatic side chains, while CPB removes the basic amino acids lysine and argine faster than any other common protein amino acid [20] . Thus, theoretically, using CPA first, then CPB, then CPA and ending with CPB, it should be possible to remove the C-terminal 8 amino acids from the glicentin molecule, exposing the glucagon C-terminus.
As indicated by the appearance of the 4305 immunoreactivity (specific for the glucagon sequence [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and from the minimal change in size (from K~ 0.25 to Kd 0.30 upon gel filtration, Fig. 2 ), the enzymatic digestion was successful. Pure glicentin was not available in sufficient quantities for analysis of amino acid composition or sequence. The digested glicentin fragment eluted, upon gel filtration, at the same position as the 8000 Dalton GLI circulating in the pigs (Fig. 2, middle  and lower panels) . A further indication of their supposed identity was provided by the radioimmunoassays of the fractions eluted from HPLC (Fig. 3) . Both peptides had exactly the same retention time.
The C-terminal hexapeptide of porcine glicentin (residues 64-69) is linked to the first 61 amino acids by the dibasic sequence lysine-arginine, a possible preferential site of post-translational proteolytic cleavage. The glicentin hexapeptide of rat, which differs from the pig at position 65, was recently reported to be secreted synchronously with glucagon from the pancreas [21] .
Thus, we think that the so called "9000 Dalton immunoreactive glucagon" cited by many authors in uraemia or severe renal failure [7] is predominantly composed of the glicentin 1-61 sequence. Its origin is uncertain, however; it could be a pancreatic product [22, 23] , or it could be derived from GLI producing cells that occur throughout the mammalian gastrointestinal mucosa [19] .
